DOE/ER/53223-158 
MF-122 


Courant  Institute  of 
Mathematical  Sciences 

Magneto-Fluid  Dynamics  Division 


Hall  Effects  on  Anomalous  Heat,  Particle  and 
Helicity  Transports  through  Tearing-Mode  Turbulence 

Z.  Yoshida,  H.R.  Strauss  and  E.  Hameiri 


CO 

3 
O 


00  (0 

iri  E  w 

r-{  O  "O  4-1 

I  ecu 

CO  Its  (d  o 

I  CM  Clj 

cs  o  c  a*  M 

en  Si  o  <-*  c 

in  to  o  (0 

C  CO  -H  1-1 

'  Pi   0)  4J  -p  -u 

i  ta  N  o  i-j 

<U    (0  >i 


U.S.  Department  of  Energy 

ma  Physics 
jary  1991 


Q  -O 

•  H  4-i  -H 

£   i-H  (0   rH 

D  CO  iH  (u  a; 

>H  o  fo  x:  x: 

s  X  a: 


I 


"i^  ^H  I    New  York  University 


DISCLAIMER 

This  report  was  prepared  as  an  account  of  work  sponsored  by  aji  agency  of  the  United 
States  Government.  Neither  the  United  States  Government  nor  any  agency  thereof, 
nor  ajiy  of  their  employees,  maJces  any  warranty,  express  or  implied,  or  assumes  ajiy 
legal  liability  or  responsibihty  for  the  accuracy,  completeness,  or  usefulness  of  any 
information,  apparatus,  product,  or  process  disclosed,  or  represents  that  its  use  would 
not  infringe  privately  owned  rights.  Reference  herein  to  any  specific  commercial 
product,  process,  or  service  by  trade  name,  trademark,  manufacturer,  or  otherwise, 
does  not  necessarily  constitute  or  imply  its  endorsement,  recommendation,  or  favoring 
by  the  United  States  Government  or  any  agency  thereof.  The  views  and  opinions  of 
authors  expressed  herein  do  not  necessarily  state  or  reflect  those  of  the  United  States 
Government  or  any  agency  thereof. 


Printed  in  U.S.A. 


Available  from 

National  Technical  Information  Service 

U.S.  Department  of  Commerce 

5285  Port  Royal  Road 

Springfield,  VA  22161 


UC20 


UNCLASSIFIED 

New  York  University 

Courant  Institute  of  Mathematical  Sciences 

Magneto-Fluid  Dynamics  Division 


MF-122  DOE/ER/53223-158 


HALL  EFFECTS  ON  ANOMALOUS  HEAT,  PARTICLE  AND 
HELICITY  TRANSPORTS  THROUGH  TEARING-MODE  TURBULENCE 

Zensho  Yoshida,  Henry  R.  Strauss  and  Eliezer  Hameiri 


U.S.  Department  of  Energy 
Grant  No.  DE-FG02-86ER53223 

January  1991 

UNCLASSIFIED 


-1- 

Hall  Effects  on  Anomalous  Heat,  Particle  and 
Helicity  Transports  through  Tearing-Mode  Turbulence 

Z.  Yoshida.a)  H.R.  Strauss,  E.  Hameiri 

Courant  Institute  of  Mathematical  Sciences 

New  York  University 

251  Mercer  Street 

New  York,  New  York  10012 


ABSTRACT 

The  helicity  transport  in  a  current-carrying  plasma  results  in  heat  and  particle  trans- 
ports in  the  direction  opposite  to  the  helicity  flux.  Tearing-mode  turbulence  produces  he- 
licity flux  that  is  proportional  to  the  gradient  of  the  equilibrium  parallel  current.  The  helicity 
flux  is  a  consequence  of  a  fluctuating  electric  field  with  a  circularly  polarized  component, 
which  also  causes  a  nonlinear  parallel  current  (primarily  an  electron  flux)  and  a  nonlinear 
polarization  current  (primarily  an  ion  flux).  Such  anomalous  heat  and  particle  fluxes  are 
driven  by  the  free-energy  associated  with  the  perturbed  magnetic  field  in  the  tearing-mode 
turbulence,  and  are  typically  directed  inward  to  the  plasma.  Both  fluxes  becomes  large 
when  the  gradient  of  the  equiUbrium  current  is  large. 
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I.  INTRODUCTION 

In  a  toroidal  discharge,  a  large  fraction  of  the  plasma  current  is  directed  parallel  to 
the  equilibrium  magnetic  field,  i.e.  force  free.  Such  a  parallel  current  is  primarily  driven  by 
a  toroidal  electric  field  applied  by  external  induction.  On  the  other  hand,  the  perpendicular 
component  of  the  current,  for  example  the  diamagnetic  current  related  to  a  pressure  gradi- 
ent, should  be  sustained,  against  the  resistive  dissipation,  by  an  internal  electric  field  that  is 
expressed  by  vxB  in  the  fluid-dynamic  model,  where  v  is  the  fluid-dynamic  velocity  and 
B  is  the  magnetic  flux  density.  With  taking  B  =  Bq  (the  mean  field),  we  obtain  a  cross- 
field  particle  flux  that  leads  to  the  classical  estimate  of  the  transpon  (B-2  formula).  ^-^ 

Let  us  re-examine  the  parallel  component  with  respect  to  Bq:  with  time-averaging 
the  equation  of  electrons  we  obtain 


Tlko  -  Eo-bo  =  (vH.ixBibo)  +  e-i(n^_\Vpe,i)^ 


(1.1) 


where  subscripts  0  and  1,  respectively,  represent  the  mean  value  and  perturbation,  j//  is  the 
parallel  current,  "n  is  the  parallel  resistivity,  bo  =  Bq/Bq,  Ed  is  the  driving  electric  field,  vh 
=  V  -  j///ene,  ng  is  the  electron  density,  e  is  the  elementary  charge  and  pe  is  the  electron 
pressure.  Here  we  neglect  the  electron  inertia  term.  In  low-frequency  fluctuations,  the 
Hall  term  and  the  last  term  of  the  right-hand  side  of  (1.1)  can  be  neglected.  The  left-hand 
side  of  (1.1)  consists  of  classical  teims,  while  the  right-hand-side  terms  are  the  correlations 
of  fluctuations.  In  the  classical  hmit,  these  fluctuation  terms  are  assumed  to  vanish.  Then 
we  obtain  Tjj// q  being  approximately  constant  in  a  steady  state.  There  are,  however,  a 
plenty  of  experimental  observations  of  anomalous  transports  of  j//  in  quasi-static  dis- 
charges, where  the  fluctuation  terms  are  necessary  to  account  for  the  electric-field  balance 
on  magnetic  field  hnes. 

The  first  term  in  the  right-hand  side  of  (1.1)  represents  the  so-called  dynamo  effect. 
We  see  that  a  finite  Bi  that  is  perpendicular  to  Bq  is  required  for  the  dynamo  term  to  be 


-3- 


finite.  We  thus  may  expect  enhanced  transports  of  heat  and  particles  related  to  Bi,  when 
there  is  an  anomalous  transport  of  j//.  A  well-known  effect  is  the  parallel  electron  heat  con- 
duction through  stochastic  field  lines. ^  The  electron  heat  flux  by  thermal  conduction  is 
given  by 

Qb  =  -  Xb  "e.oVTe.O^  q  2) 

where  Te  is  the  electron  temperature, 

/Bx.l\2\ 


Xb  =    Ve.ih  U  (( 


Bo//,  (1.3) 


Ve,th  is  the  electron  thermal  velocity,  Lr  is  the  correlation  length  and  Bx,i  is  the  radial  com- 
ponent of  the  perturbed  magnetic  field. 

There  is  another  mechanism  of  transpons  that  is  related  to  Bi  in  a  different  way. 
This  mechanism  of  heat  and  particle  transports  is  not  based  on  conductions,  but  is  caused 
in  response  to  the  free  energy  associated  with  the  transport  of  j//.  The  heat  and  particle 
fluxes  as  results  of  such  transport  mechanism  can  be  directed  inward  to  the  plasma  depend- 
ing on  the  sign  of  the  gradient  of  j//_o-  The  transport  of  j//  is  formulated  by  using  the  helic- 
ity.  The  related  heat  and  particle  transports  are  shown  to  appear  if  and  only  if  a  finite  helic- 
iiy  flux  is  caused  by  the  perturbed  electromagnetic  fields.  In  the  next  section,  we  briefly 
review  the  physics  of  the  helicity  transport. 

II.  BACKGROUND  OF  HELICITY  TRANSPORT 

The  helicity  of  magnetic  field  describes  structures  of  the  parallel  current  and  the  cor- 
responding force-free  component  of  the  magnetic  field  in  a  plasma.  The  well  known  helic- 
ity balance  equation  is 


I    ABdv  =  -l     n[(-aiA)xA  +  2B(p]ds-2l   iij-B  dv 


where  Q  is  a  fixed  volume,  VxA=B  and  (p  is  the  electrostatic  potential.  The  gauge  should 
be  fixed  throughout  the  evolution.  The  first  term  of  the  right-hand  side  represents  the  he- 
licity  flux,  while  the  second  one,  the  helicity  dissipation  because  of  the  parallel  resistivity. 
Since  the  dissipation  of  the  helicity  is  caused  by  the  parallel  current,  the  helicity  is  a  quan- 
tity that  is  primarily  related  to  parallel  currents.'*  We  write  perturbation 

Ai  =  Vu  X  Vz  +  \|iVz 

which  yields 

Bi  =  V\|/x  Vz-(au)Vz 

The  wave-number  vector  k  is  assumed  to  be  in  y-z  planes  (local  mode  approximation),  and 
we  take  k  =  kVy.  When  we  take  a  specific  gauge  such  that  (p  =  0  at  x  =  0,  the  hehcity  flux 
across  the  surface  x  =  0  is  calculated  as 

(Fh)x=(-OtAi)xAiVx)  =  {v0t.xU)-0tV)0xU)).  (2.1) 

This  relation  immediately  shows  that,  for  the  hehcity  flux  to  be  finite,  magnetic  fields  must 
be  perturbed.  When  we  neglect  the  displacement  current  with  assuming  low-frequency 
perturbations,  we  can  easily  calculate  the  corresponding  current  density  in  the  plasma.  We 
obtain  the  nonlinear  parallel  current 

{i//)x"(U-b)l>-Vx) 
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=  ;7V  ((3xAu)(ik//v))  -  ^  ((Au)(ik^v)) 
^0^0  Bo  .   .  (2.2) 

where  b  =  B/B  that  includes  the  perturbation,  subscript  0  impels  the  mean  value,  k//  = 
kbo,  and  kj^  =  k(boVz). 

The  first  term  of  <j//>x  in  (2.2)  becomes  finite,  when  ensemble  average  of  k//  is 
finite.  Since  the  sign  of  k//  represents  the  direction  of  the  Poynting  vector  with  respect  to 
the  mean  field,  this  sign  is  essential  to  characterize  the  anisotropy  of  the  perturbations  that 
transports  the  helicity.  On  the  other  hand,  the  second  term  of  <j//>x  ,  which  is  proportional 
to  kj^,  vanishes  as  far  as  the  perturbation  is  isotropic  with  respect  to  kj^,  and  the  relation 
between  the  permrbations  u  and  y  is  independent  of  the  sign  of  kj^.  The  latter  condition 
turns  out  to  be  true  when  gradients  in  mean  quantities  are  negligible;  see  Sec.  IV.  Under 
these  assumptions,  we  neglect  the  second  term  in  (2.2)  to  obtain^ 


^^ODQ  .  (2.3) 


Here  the  wave  quantities  are  considered  to  be  ensemble  means  over  the  fluctuations.    The 
parallel  current  is  primarily  carried  by  electrons  in  normal  discharge  plasmas.  This  relation 
shows  that  a  finite  helicity  flux  through  a  mean-field  magnetic  surface  is  accompanied  by  a 
finite  flux  of  electrons,  as  far  as  the  relevant  fluctuations  have  a  coherence  to  cause  an  aver- 
age phase  velocity. 

Equation  (2.3)  immediately  relates  the  parallel  frictional  component  qS  of  the  elec- 
tron heat  flux6  with  the  heUcity  flux 

(qS)x  =  (qS-  Vx)  =  CzTene  (j//)x/(-ene) 

QTe(k///03)k^  ^  , 
= ^i 5 l^h/x 

2|ioBoe  ^  (2.4) 
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where  Czis  a  positive  constant  of  order  1  (Cz  =  0.71,  if  Z=l).  Since  this  heat  flux  is 
caused  by  a  divergence  in  the  parallel  current,  the  average  charge  neutrality  condition  re- 
quires a  balanced  perpendicular  current.  In  the  low-frequency  (w  «  (Oci)  regime,  the  non- 
linear polarization  drift  of  the  ions  dominates  the  perturbed  perpendicular  current; 


(jp>x=^((viV)E,).Vx 


=  -  P'"^'^°"^y^  (0,x.yU)O.V)  +  OxCpOOtV)) 

Bo  ,  (2.5) 

where  pm  is  the  mass  density  of  the  ions,  the  perturbed  velocity  \\  is  dominated  by  the 
ExB  drift,  the  radial  electro-static  field  is  determined  by  the  average  charge  neutrality 
condition,  which  reads 

3x91  =[l-(vAk/a))2]ai.x.yU^ 

where  va  is  the  Alfven  velocity.  The  electron  flux  by  the  nonlinear  parallel  current,  and  the 
ion  flux  by  the  nonlinear  polarization  drift  result  in  particle  flux 

(d  =  -  (j,/ye = (IpVc 

2^oBoe  _  (2.6) 

We  note  that  all  three  correlations,  the  helicity  flux,  nonlinear  parallel  current,  and  the  non- 
linear polarization  current  can  be  fmite  to  cause  the  heat  and  particle  fluxes,  when  the  per- 
turbed electric  field  satisfies  the  same  phase  and  polarization  relation.  The  heat  and  particle 
fluxes  given  by  (2.4)  and  (2.6)  are  proportional  to  the  helicity  flux,  and  are  independent  to 
the  gradients  in  the  temperature  or  the  density.  A  significant  amount  of  the  heat  and  panicle 
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fluxes  are  shown  to  be  caused,  for  example  when  a  circularly  polarized  Alfven  wave  prop- 
agates across  magnetic  surfaces  to  inject  the  helicity.^ 

When  there  is  a  gradient  of  the  equilibrium  parallel  current  density,  a  different  term 
arising  from  instabilities  with  k//  =  0  contributes  to  <j//>x  •  The  second  term  of  <j//>x  in 
the  right-hand  side  of  (2.2), 

-  koBo^  ((Au),ik^v)^ 

may  survive  even  if  the  turbulence  is  isotropic  with  respect  to  kj^,  when  we  consider  the 
Hall  effect  and  a  gradient  of  j//,o-  The  electron  heat  flux  turns  out  to  be  directed  in  the  di- 
rection opposite  to  the  anomalous  diffusion  of  j//o.  This  transport  process  is  closely  re- 
lated to  the  hehcity  transport  caused  by  the  turbulences  of  the  tearing  modes.  It  is  known 
that  the  quasilinear  tearing-mode  mrbulence  results  in  the  hyper-resistivity,  which  is 
equivalent  to  the  divergence  of  the  hehcity  flux  caused  by  turbulent  reconnections.  In  the 
next  sections,  we  shall  calculate  the  relation  among  the  hehcity  flux,  electron  heat  flux,  and 
the  particle  flux  caused  by  the  tearing-mode  turbulence. 

III.  HELICITY  TRANSPORT  IN  TEARING-MODE  TURBULENCE 

The  following  calculations  are  based  on  the  tokamak  reduced  MHD  equations^  with 
including  the  two-fluid  effect  by  the  Hall  term.  We  write 

B  =  V\j/xVz  +  BzVz 
vh  =  V())xVz  -f-  VzVz 

with  assuming  Bz  o  =  constant  (low  p),  yo  =  Vo(x),  Vyg  =  0  at  x=0,  ^q  -  0,  and  v^  o  =  - 
j//,0^(ene)  =  Vz,o(x)  which  is  the  mean  flow  velocity  of  the  electrons.  The  linear  equations 
of  generalized  Ohm's  law  reads 

E  =  Tij  -  vh  X  B 
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=  Tij-[(v<j)ixV\|/o)Vz  +  B2.oaz<})i  -  Vz.oaz\|/i]  Vz 
+  Bi.oV())i-Vz.oVvi-Vz.iVv|/o  (3  1) 

Here,  we  assume  a  low-P  plasma  and  neglect  the  electron  pressure  terms.  Otherwise,  there 
appear  additional  terms,  related  to  perturbations  in  Te  and  ne,  in  the  following  calculations 
of  various  correlations.^  We  consider  resonant-mode  instabilities  driven  by  gradients  in 
j//^0.  ie.  tearing  modes.  The  tearing-mode  mrbulence  behaves  to  flatten  j// q.  This  effect  is 
clearly  formulated  by  the  hyper-resistivity  term  deduced  by  the  quasiUnear  theory.^"  1^  We 
can  show  that  the  hyper-resistivity  term  is  equivalent  to  the  helicity-flux  term  in  the  helicity 
balance  equation. 

The  helicity  flux  is  given  by 

(Fh)x  =  (Ey\l/)x  -  (Ez Ay)x  +  ((pay  v)  _  (32) 

A  Fourier  component  of  the  first  term  of  <Fh>x  may  be  expressed  as 

Ey.k-Vk  =  Bz.oay(j)k-Vk  =  --- r^^^lVkP 

^oin.o  ^^         ,  (3.3) 

where  subscript  k  represents  an  unstable  mode  such  that  k//(xk)  =  0,  y  is  the  growth  rate  of 
the  instability.  Here  we  use  the  resonance  condition  k  =  kj^Vy,  which  yields 

d  k//     ,    d  bo.y     ,        •       ,  r, 
■df^'^-d/^^^^^^^^-^/^-^. 

and  an  ideal  hnear  approximation  of  the  induction  equation 
Wk  =  ik/z^tk 


to  wnte 
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.      -yBz.oVk 
<pk  = 


ikxic^ioj//,o  .  (3.4) 

Neglecting  rijk  in  (3.1)  and  using  (3.4),  we  obtain  (3.3). 

For  resonant  modes,  the  second  tenn  of  <Fh>x  is  negligible.  In  fact,  using  (3.4), 
we  have 

Ez.k  =  -ik(|)k(ax\|/o)  =  YB^.oVk(5x¥o)/{xid//.o) .  (3.5) 

Neglecting  rijk  in  (3.1),  we  obtain  the  perturbed  parallel  magnetic  field 
5xAy,k  -  ikAx.k  =  Bz.k 

=  -  -tHvxeJ- Vz  =  r  H^xVz.oKayVi/k) .  (3.6) 

Using  the  Coulomb  gauge  condition  and  (3.6),  we  obtain 
Ay,k  =  A"'  aJr^ikW^xVz.o)]  . 

which,  together  with  (3.5),  shows  that  the  correlation  of  the  second  term  vanishes. 

The  third  term  in  the  right-hand  side  of  (3.2)  of  <Fh>x  includes  the  electrostatic 
potential  (p.  By  taking  the  divergence  of  (3.1),  we  obtain 

-A(pk  =  V-Ek 

=  Bz,oA({)k  -  v^,oAVk  -  Vvz,oV\|^k-  Vvz.k-Vyo  -  Vz.kAyo. 

Since  -A\|/k  =  |iaiz,k  =  -eueVz^,  Vk  and  v^j^  are  in-phase.  We  thus  obtain 

(pk-5yVk  =  -Bz.o<t)k5yVk.  (3.7) 

By  (3.3)  and  (3.7),  the  helicity  flux  is  given  by 

(Fh)x  = -2B,.o{(t)  1 -B ,.  i)  = -2Bz.o(0i-3yVi), 
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or  expressing  in  Fourier  amplitudes, 


2b1o 


(Fh.k)x=  -2Bz,o(t)k-3yVk=--— ^^— YkkP 

^ioJ//.oXk  .  (3.8) 


Here  we  note  that  V  -((Fh))  corresponds  to  the  hyper-resistivity  term  caused  by  the  resonant 
mode  turbulence; 

{Fh)x  =  -Bz,o  DoVj//.o_ 

where  Do  is  the  hyper-resistivity.  This  relation  is  consistent  with  the  previous  calculations 
based  on  the  single-fluid  reduced  equations. '^  The  Hall  term  acts  only  to  Doppler-shift  the 
turbulence  spectra.  The  quasihnear  theory  gives  an  estimate  of  the  hyper-resistivity;  we 
obtain  ^^ 


Do  =  ^I-^|Bx/ln 


2  k  (a,k//f       '       \(x-x^f  +  yi/(d,knf, 


IV.  ANOMALOUS  TRANSPORTS  INDUCED  BY  HELICITY  FLUX 

In  this  section,  we  calculate  the  heat  and  particle  fluxes  which  are  correlated  with 
the  helicity  flux  caused  by  the  tearing-mode  narbulence.  We  first  estimate  the  nonlinear 
parallel  current.  In  the  expression  (2.2)  of  <j//>x  ,  the  second  term  dominates  the  nonlinear 
parallel  electron  flux  for  the  resonant  fluctuations.  By  using  (3.6),  we  obtain 


0«).=^((B..,)O,y,))  =  ^(3xvJ(r'klvi 


Bo      '  '       '      Bo  .  (41) 


This  x-component  of  the  nonhnear  parallel  current  appears  if  the  unit  vector  b  is  perturbed 
to  have  a  finite  radial  component  bVx  which  stays  positive  (or  negative)  longer  than 
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negative  (or  positive).  By  (3.8),  we  can  relate  this  nonlinear  parallel  current  with  the  helic- 
ity  flux; 


()//.k)x  =   — \-±\  (Fh.k)x 


HoBo        \'^'  ,  (4.2) 

where  VxBq  =  XBq.  When  we  assume  that  ng  is  spatially  constant,  we  obtain 


(j//).-#^(r'i<iv^) 


2Boene 


which  shows  that  the  parallel  electron  flux  <j//>x/(-ene)  is  directed  to  the  gradient  of  the 
magnitude  of  the  parallel  mean  current  j//_o-  The  parallel  frictional  electron  heat  flux  is 
given  by 


^^-^^'K-W:rm) 


le.O       \       '  -U   '  /  (43) 

Using  (3.8),  we  may  also  write  the  frictional  heat  flux  using  <Fh>x; 


Ue    V.  -    QTe  Xlc(axVz^/k^\2 

(qu.k)x  -  -g —^ — —  (Fh,k)x 

UnBn         \   I  I 


Equation  (4.2)  shows  that,  for  the  hehcity  flux  to  be  flnite,  the  penurbed  parallel 
current  should  have  a  finite  net  flux  through  the  mean-field  magnetic  surface.  We  thus  re- 
quire a  balances  finite  average  in  the  perturbed  perpendicular  current,  which  is  primarily  an 
ion  current,  to  retain  the  charge  neutrality.  As  a  result,  a  particle  flux  is  caused; 


^       "     2e2ne,o  \     ^  ^0 


(4.4) 
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The  perpendicular  ion  current  is  primarily  caused  by  the  nonlinear  polarization  drift;  see 
(2.5).  The  polarization  current  is  dependent  upon  the  perturbed  radial  electrostatic  poten- 
tial. In  the  expression  (3.1)  of  the  electric  field,  \j/i,  ())i  and  Vzi  describes  the  perturba- 
tions. Fluxes  <Fh>x  and  <j//>x  are  independent  of  Vz_i,  while  the  polarization  current  in- 
cludes Vz_i,  which  is  to  be  determined  to  satisfy  the  average  charge  neutrality  condition. 
Using  (3.1)  and  (3.4),  we  obtain 


(jp)x  = f_ — ('yx-'\|/i(8x\|/i-3xVz.o  +  3xVo-Vz.i)) 


M-oBqJ//.o 


The  average  charge  neutrality  condition  <j//>x  +  <jp>x  =  0  yields 
Vz.k-3xVo  +  [(5x?if(vAki/Y)^  +  lj3xVz.o9xVk  =  0^ 

where  v^  is  the  Alfven  velocity,  9x  =  l/5x. 

V.    DISCUSSION 

We  have  derived  the  heat  and  particle  fluxes  (4.3)  and  (4.4)  that  are  correlated  with 
the  hehcity  flux  driven  by  tearing-mode  turbulence.  An  interesting  point  is  that  the  both 
fluxes  are  normally  directed  inward  to  the  plasma,  since  Vj//o^  is  directed  inward.  The  he- 
licity  flux  is  then  outward,  which  conoibutes  to  flatten  j//.  TTiese  transports  are  primarily 
independent  of  the  temperature  or  density  gradients,  and  are  driven  by  the  free  energy  as- 
sociated with  the  helicity  transport.  They  are  different  from  the  stochastic  thermal  conduc- 
tions and  various  anomalous  transports  based  on  the  correlations  among  EixBq  drifts  and 
fluctuating  density  and  temperature.  In  the  present  mechanism,  the  electron  flux  is  caused 
by  the  nonlinear  parallel  current,  while  the  ion  flux  is  by  the  nonUnear  polarization  current. 
There  two  currents  are  the  second  order  correlations  of  the  perturbation  that,  as  well  as  the 
helicity  flux,  become  fmite  when  the  polarization  and  the  phase  of  the  perturbed  electric 
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field  satisfy  the  same  relation.  The  tearing-mode  turbulence  causes  a  helicity  flux,  so  that  it 
is  accompanied  by  the  heat  and  particle  fluxes. 

Let  us  compare  the  magnitude  of  the  present  heat  transport  with  the  electron  heat 
flux  by  the  thermal  conduction  through  stochastic  field  hnes;  see  (1.2).  The  correlation 
length  Lr  in  (1.3)  is  normally  of  the  order  of  the  minor  radius  of  the  plasma.  Let  us  assume 
that  both  j// 0  and  Tgo  have  a  same  magnitude  of  characteristic  length  5x  of  spatial  distribu- 
tions. Here,  a  finite  gradient  in  Te,o  is  necessary  to  compare  our  result  with  the  stochastic 
conduction,  while  the  electron  pressure  gradient  should  not  be  large  in  order  to  avoid  in- 
consistency with  our  previous  assumption  in  (3.1).  Then  we  obtain 

IqS.xl/hl.xl  =  vlo/(ve.thY5x)  =  ^eVz.o/(Y5x) 

where  ^  is  the  electron  streaming  factor  which  is  typically  of  the  order  of  10-3.  in  normal 
tokamak  parameters,  both  Ve,ih  and  the  Alfven  velocity  va  are  of  the  order  of  10^  m/s.  The 
growth  rate  y  of  the  tearing  modes  are  normally  much  smaller  than  1/va5x.  When  7/va5x  is 
of  the  order  of  10"^,  then  the  present  heat  flux  q^u  makes  a  significant  contribution  to  the 
total  electron  heat  transpon.  An  equivalent  magnimde  of  the  particle  flux  is  also  directed 
inward  to  the  plasma,  and  can  be  large  enough  to  improve  the  particle  confinement  if  the 
gradient  of  the  mean  current  (acuially  the  electron  drift  velocity)  is  sufficientiy  large.  The 
particle  loss  through  stochastic  fields  is  not  so  large,  while  the  electron  thermal  conduction 
behaves  as  a  counter  process  for  the  electron  heat  transports. 

For  the  heat  and  particle  fluxes  (4.3)  and  (4.4),  the  Hall  effect  plays  an  essential 
role,  while,  for  the  helicity  flux,  it  has  no  explicit  influence.  Taking  the  mean  velocity  of 
the  electrons  Vz  q  =  0  is  equivalent  to  the  single-fluid  Umit,  where  the  present  heat  and  par- 
ticle fluxes  vanish.  In  fact,  the  single-fluid  model  predicts  a  quite  small  energy  flux  asso- 
ciated with  the  helicity  flux  by  the  tearing-mode  turbulence. ^^  Normally  the  Hall  term  is 
considered  to  have  a  less  influence  to  the  evolution  of  the  electric  field  and  the  momentum 
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(ion  motion)  of  the  plasma.  It,  however,  has  an  essential  effect  on  the  transport  of  the 
electrons.  The  perpendicular  perturbed  current  that  contributes  to  the  Hall  term  is  primarily 
an  ion  current,  and  the  magnitude  of  the  Hall  term  is  of  the  order  of  oVcOci  times  the  induc- 
tion term  vxB.  On  the  other  hand,  the  parallel  mean  current,  which  is  primarily  an  electron 
current,  causes  a  Doppler  shift  of  the  fluctuations  that  is  expressed  by  the  first-order  Hall 
term  j//,oxBi/ene.  This  term  should  be  retained  in  the  linearized  electron  equation  (3.1), 
because  the  phase-shift  of  fluctuations  by  this  effect  is  important  in  the  calculations  of  the 
correlations  for  the  fluxes. 
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